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Tikuisis P, Nishi RY, Weathersby PK. Use of the maximum ik Il3 method in the analysis
of chamber air dives. Undersea Biomed Res 1988; 15(4):301 3t3.zVhe method of maximum
likelihood was used to evaluate the risk of decompression sickness (DCS) for selected chamber
air dives. The parameters of two mathematical models for predicting DCS were optimized
until the best agreement (as measured by maximum likelihood) corresponding to the observed
DCS incidents from a series of dives was attained. The decompression data used consisted of
800 man-dives with 21 incidents of DCS and 6 occurrences of marginal symptoms. The first
model investigated was based on a nonlinear gas exchange in a series arrangement of four
compartments. The second model was based on a monoexponential gas exchange in a parallel
arrangement of two compartments. The overall statistical success in describing the 800 man-
dives was quite similar for the two models. Predictions of safety for dives not part of the
original data differed for the models due to differences in gas kinetics. For short, no-
decompression dives, the series arrangement of compartments predicted a lower incidence of
DCS. These predictions were more consistent with the outcome of subsequent testing than
were predictions of the parallel compartment model. Predictions of the series arrangement
model were also similar to those of a single-compartment, two-exponential model that was
evaluated with over 1700 man-dives by the U.S. Navy. '

decompression sickness models
dive tables czcc
maximum likelihood probability ~ . ~--

The variability in the occurrence of decompression sickness (DCS) makes the
prediction of DCS difficult for any given dive profile. Conventional methods for
establishing the risk of DCS for a particular dive require a great number of man-
dives. For example, if in 100 man-dives for a particular trial, 5 incidents of DCS
occurred (5% occurrence), then the 95% confidence interval limits for this occurrence
indicate that the probability of DCS can be between 1.64 and 11.28% (1). To "tighten"
the prediction of the incidence of DCS for this particular dive trial, many more man-
dives would be required. For example, 65 incidents of DCS out of 1300 man-dives
(5% occurrence) would narrow the 95% confidence interval to between 4 and 6% for
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302 P. TIKUISIS. R.Y. NISHi. AND P.K. WEATHERSBY

a particular dive trial. Since most dive trials involve considerably fewer than 100
individuals, a method for combining dive trials in a single analysis is required.

Weathersby et al. (2) suggested using the method of maximum likelihood (3) to If Y is th actual
evaluate the risk of DCS. This method applies a predictive model for DCS to actual actual o come or
outcomes from a series of dive trials. Inputs to the predictive model are a decompres-
sion dose response function and any decompression model that can be stated math-
ematically. The decompression dose response function is a measure of the cumulative wher Y = 0 if D(
risk of DCS for a dive. The parameters of the predictive model are adjusted until the that d a definiti
best agreement or maximum likelihood corresponding to the DCS events of past trials assignmen Y =

is obtained. Once the parameters of the predictive model have been optimized using shown to affect th,
any number of dives from different sources, the model can be applied to predict the Assuming th t tl
probability of DCS for any new (tested and untested) dive profile. ability of all th kn

In addition, different decompression models can be tested to determine which
model best fits the data. In this study, the method of maximum likelihood is used to
compare the prediction of DCS between a nonlinear series compartments (NLSC) where n is e tot.
model (4, 5), featuring four compartments in series, and a monoexponential parallel greater th zero.
compartments (MEPC) model, used by Weathersby et al. (6), featuring two com- customar to use tl
partmentF in parallel. Although many other models involving more than two com-
partments in parallel exist (4), they offer little or no statistical advantage over the
two-compartment MEPC model in the present analysis (6), but may be justified by S
larger data sets (7). The method of maximum likelihood has not been previously Since L isI s than
applied to compartments in series such as the NLSC model. The decompression the best fit be ween
model that gives the largest maximum likelihood value is defined as the one that best (or smallest n gati%()wsused tot
fits the data. For specific classes of models, formal statistical tests allow rigorous (9) was ust obt,
comparison of model predictions (2, 3). A desirable feature of the method of maximum until the best
likelihood is that any set of dive data can be used for the comparison among models.
For instance, the MEPC model can be tested against dive trials that followed the 0
decompression procedures governed by the gas kinetics of the NLSC model, and
vice versa.

In summary, a probabilistic model optimized by maximum likelihood can be used
to test decompression procedures and to predict the probability of DCS. It can be 10

used as an optimizing tool for determining the parameters of decompression models
and as an evaluative tool, but the prediction must be tested and the actual incidence
must be established by experiment. This study examines the use of the method of 0 104
maximum likelihood as applied to the NLSC and MEPC models in optimizing model A
parameters, evaluating dive profiles, and comparing the prediction of DCS for par-
ticular dive tables. Z36

LIKELIHOOD CRITERION

The variability in DCS can be described in terms of probabilities. The probability

of DCS is a function of the dive profile and the decompression model tested, i.e..

PDcs = f(time, depth, model), (1) 0.0

wherefis the decompression dose response function. It follows that the probability
of no DCS is Fig. Log maximum

Solid crc indicate theS

_ _7_



USE OF THE MAXIMUM LIKELIHOOD METHOD 303

ily fewer th 100 (2)
.is require .
n likelih (3) to If Y is the actual outcome of DCS for a dive, then the predicted probability of the
for D to actual actual outcome or observation is
1 are ecompres-
an b stated math- Po....m- (P0 cs) r (1 - P0cs) i - r, (3)

of e cumulative where Y = 0 if DCS does not occur, and Y = I if DCS does occur. For those dives
adj sted until the that defy a definitive diagnosis (sometimes called marginal symptoms or niggles) an

-vent f past trials assignment of Y = 0.5 can be made. In other analyses such a choice has not been
:n optimi d using shown to affect the ultimate conclusions of the analysis (2, 8).
)lied to pre ict the Assuming that the outcome of each dive is independent, the total predicted prob-

ability of all the known outcomes is given by the likelihood function,
determin which
elihood i used to L -om(4)

)artment (NLSC) where n is the total number of man-dives. L is usually a very small number, but
,ponenti I parallel greater than zero, because it is the product of many numbers less than 1. It is
:aturin two com- customary to use the natural logarithm of L, or LL (log likelihood),
)re tha two com-
dvant e over the LL = Eln Pou ,.... (5)
iay b justified by,t bee previously Since L is less than I, LL is negative. The maximum likelihood value, which defineshede mpression the best fit between the model and data, is given by the smallest absolute value of LLs the o that best (or smallest negative value) as shown in Fig. 1. The modified Marquardt algorithmsts alow tgorous (9) was used to obtain this value by varying the parameters of the predictive model-thod of ma imum until the best agreement with the data was found.

on among dels.
that folio d the -100 . . . . . . . . . .

N4LSC mo 1, and

ihood ca be used
of DCS.t can be
mpress* n models
e actu incidence
* of the method of 0 -104
optimi 'ngmodel
n of DCS or par-

-106

-108

s. The robability
del te ed, i.e., -110

(I) 0.0 0,5 1.0 1.5 2.0 2.5 3.0

Risk Coefficient, 104 C
iat the I~bability Fig. I. Log maximum likelihood. LL. plotted against the risk coefficient, C. for the NLSC model.

Solid circles indicate the 95% confidence limits based on the Likelihood Ratio Test (3).
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To use the method of maximum likelihood, the decompression dose response
function or Pmcs (see Eq. 1) must be defined. The function that was adopted for this
study is known as the "risk" function (2, 6, 10), and whereC is

proportio al to i

PDCS exp (6) 0.79. If < 0, tI
Ps =the ac al time-(

where r is the measure of risk and t is time. If r is large, then over a period of time obtain d. The m
the probability of DCS approaches I. For each decompression model examined, r is likelih etho
defined empirically and its value is dependent on the actual decompression profile Figure 2 gra
(see Decompression Models). Generally, r is non-zero when a state of inert gas a single dive. T
supersaturation occurs. Depending on the degree and length of this state, PDCS will divers and noincrease accordingly. The calculation of PLocs is continued until r falls below zero, at predicted inci e!
which point the value of PDcs represents the predicted cumulative probability of DCS
for the dive. 12, become zer

For models that can be expressed as simplified or more general versions of other confidenc imit)
models, a formal Likelihood Ratio Test can establish whether a model is a significant
improvement over another in describing a data set (2, 3). For example, to justify 2. Mon exponer
increasing the generality of a model by estimating one, two, three, etc., additional
parameters, the LL must increase by at least 1.92, 3.00, 3.91 units, etc., respectively. The M PC mo

in paralle Weat!
the presen data

DECOMPRESSION MODELS exponential od
two compa men

1. Nonlinear series compartments model
* 200

The NLSC model for air diving (4, 5) consists of four compartments in series
representing tissues having different rates of gas exchange. The rate of change of gas 180
pressure in the four compartments is described by the following set of 4 nonlinear
differential equations: .1 0

dP./dt = A[(B + P0 + P)(Po - P,) - (B + P, + P2)(P - P2)], (7) 14014

dP2/di = AIXB + P, + P2)(P, - P2) - (B + P2 + PO)( 2 - PO)] (8) 20

dP3/dt = A[(B + P2 + P3)(P2 - P3) - (B + P3 + P4)(PI - P4)], (9) .
0

dP4Idt = AI(B + P3 + P.)(P 3 - P.), (10) " 80
where P is the total gas pressure in compartment i, P0 is the current ambient pressure, 0 [
and A and B are constants (0.0026 min-' -ATA- and 8.31 ATA, respectively). j 80
Equations 7- 10 are those that control the uptake and elimination of gas for the original 40

Kidd-Stubbs pneumatic analogue decompression computer model (4), the Kidd-
Stubbs 1971 decompression tables (11), and the current Defence and Civil Institute 20
of Environmental Medicine (DCIEM) 1983 decompression tables (12). The only
differences among these 3 cases are in the safe ascent criterion for each compartment. 0

The measure of risk for the present likelihood analysis is defined as 0

r = r, + r2 + r3 + r4, (11)

where, following the method of Weathersby et al. (6), the risk for compartment i is Fig. 2. Measure oi

assumed to be L hel for adivassume to bedive an1 he average g
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USE OF THE MAXIMUM LIKELIHOOD METHOD 305

dose re nse ri = C(0. 79P - Po)/Po, (12)
adopted r this and where C is the risk coefficient to be estimated. The risk defined by Eq. 12 is

proportional to the relative supersaturation of the N, component, hence the factor
0.79. If ri < 0, then ri is set to 0. The value of C is estimated by fitting the model to

(6) the actual time-depth profile data for each dive until the maximum value of LL is

a pe me obtained. The model constants, A and B, can also be optimized using the maximum
I examined r is likelihood method; however, time constraints did not allow this.
,pression p file Figure 2 graphically demonstrates the NLSC model with C = 0.000154 • min-' to
ate of inc gas a single dive. This dive, to 185 fsw (5.60 ATA) with a bottom time of 125 min, had 4
state, P s will divers and no incidence of DCS. At the end of decompression (t = 827 min), the
below I predicted incidence of DCS is 5.97%, while r is still greater than zero owing to the

) ibabilt of DCS supersaturation of N2 in the model compartments. After 1100 min, r according to Eq.
12, becomes zero and the final predicted incidence of DCS is 7.04 ± 1.55% (95%

ersio of other confidence limit).
-1 is significant
mpl, to justify 2. Mono-exponential, parallel compartments model
etc. additional

re ectively. The MEPC model is based on an arrangement of single exponential compartments
in parallel. Weathersby et al. (6) found that two compartments were adequate to fit
the present data in their study. Hence, in this study a two-compartment mono-
exponential model [model 3 in (6)] is used. The exchange of inert gas in each of the
two compartments is described by the following linear differential equation:

ments n series

fch ge ofgas O 9
of nonlinear

180 -
Actual Depth

(7) 140 7
0

(8) 120 - o

(9) too
- 0

(10) 80 4-

ihient p ssure,60/ \

rtsp tively).
ot :original 40 /'-Compartment Gas Pressure ig

(4), he Kidd- ""--1 .... Risk
IC, il Institute 20 4---

(12. The only 1
i co artment. 0 1 0 _J0 300 600 900 1200

Time (min)

Fig. 2. Measure of risk of DCS, r. and the probability of incidence of DCS, Poe-s. predicted by the
mpartm t NLSC model for a dive to 185 fsw for 125 min plotted as a function of time. The time-depth profile of the

dive and the average gas pressure of the four compartments of the NLSC model are also shown.

-AJ
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dPNI/dt = (P - 0.79Po)/k, (13) 40

where PN, is the pressure of the N2 component of gas in compartment i and k, is the
time constant of the N, uptake and elimination of compartment i.

The measure of risk is defined as 30

r = r, + r2  (14)

where

r, = Ci(PN, - Po)/Po, (15) 20

and C is the risk coefficient of compartment i. The values of C, and k, were estimated
by fitting the model to the data until the maximum value of LL was obtained.

RESULTS 
10

• 'The dive data were obtained from the CANDID (Canadian Dive Data) data bank

(13) and are the same data used in data set "D" in (6). The data used consist of 163
I' air dive profiles in a hyperbaric chamber totaling 800 man-dives that were conducted 0

f 0
P 'during 1967-1968 with the Kidd-Stubbs pneumatic analogue decompression computer

and other decompression criteria (4). The dive depths for this data set ranged from
99 to 300 fsw (3.00 to 9.08 ATA) and the bottom times ranged from 6 to 360 min.. 3. Averap
There were 21 incidents of DCS and 6 occurrences of marginal symptoms of DCS. fo the NLSC mod
Incidents of DCS were assigned an outcome of Y = 1.0 and marginal ctses were I , and >10%. B
assigned an outcome of Y = 0.5. terval on the obs(

Using these data, the values of LL are plotted against the risk coefficient, C, for
the NLSC model in Fig. 1. The maximum value of LL (= -102.57) was obtained lication of '
with C = 0.000154 - min-. This value was used to generate Fig. 2. For the MEPC
model, the maximum value of LL (= -100.63) was obtained with k, = 3.91 min, k2  Onc the par
= 382 min, C, = 0.00615 • min - ', and C2 = 0.00126 • min-' (6). The values of be us to pre(
likelihood for the 2 models are close enough that the additional three estimated Fig 4 show-
parameters of the MEPC model would not be justified by the Likelihood Ratio Test m els for the
if it could be applied. Since the models are not suitable for this test, then within T ese no-deco
current limits of statistical theory, the results can only be declared as similar. andard Air E

It is interesting to compare the predictions of these 2 models under different 0 to 40 fsw (0.9
categories of risk of DCS. Figure 3 shows the results of the 2 models after separating d.DCS is noti
the predictions of DCS (using Eq. 6) into four categories: <2%, 2-5%, 5-10%, and a sis the no
>10%. For example, the NLSC model predicted a DCS incidence of less than 2% risk DCS.
for 312 out of the 800 man-dives in the data set. Of these 312 dives, the average Di es deepei

e predicted incidence was 1.47% and the average observed incidence was 1.44%. In no- compres

* comparison, the MEPC model predicted a DCS incidence of less than 2% for 238 out div s consider,
- of the 800 man-dives, and of these the average predicted incidence was 1.36% while D S (1). In thi

, the average observed incidence was 0.84%. No dives were predicted to have a DCS o DCS averag
incidence of >10% using the NLSC model in contrast to the 15 man-dives predicted i not too surpl

. to exceed 10% DCS incidence by the MEPC model. Despite these differences, the h the same
chi-square goodness-of-fit test for agreement between model prediction and actual han the MEF
outcome for all 4 categories is 0.60 for the NLSC model and 1.29 for the MEPC depth t at ave
model; these low values indicate that both models predict outcome of DCS equally the conrsting
well. N2 ga uptake

.............
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40

0 NLSC Model

30 0 MEPC Model

0: 20
10

0 --

0 5 10 15 20

Predicted % DCS

Fig. 3. Average observed incideuce of DCS plotted against the average predicted incidence of DCS
for the NLSC model (open circles) and MEPC model (solid circles) in four categories: <2%, 2-5%, 5-
10%, and > 10%1o. Broken line shows the line of agreement and vertical lines indicate the 95% confidence
interval on the observed binary outcome.

Application of Theory

Once the parameters of the predictive model have been optimized, the model can
be used to predict the probability of DCS for a series of different but related dives.
Figure 4 shows the probability of DCS predicted by both the NLSC and MEPC
models for the DCIEM no-decompression air diving limits (12) as shown in Table I.
These no-decompression limits are more conservative than those from the USN
Standard Air Decompression Tables (14, 15) (also shown in Table 1). For depths of
30 to 40 fsw (0.91 and 1.21 ATA), which have not been tested, the predicted probability
of DCS is noticeably higher than that for deeper depths; hence, according to this
analysis the no-decompression limits (12) from these shallow depths entail a greater
risk of DCS.

Dives deeper than 50 fsw (1.51 ATA) have been tested according to the DCIEM
no-decompression air diving limits. No instances of DCS occurred in the 131 man-
dives considered here (16), an outcome that has 95% confidence limits of 0 to 2.8%
DCS (1). In this depth range the NLSC model predicts a uniformly low probability
of DCS averaging 0.2%, which is quite consistent with the outcome. This behavior
is not too surprising since the dive limits were obtained by a nonprobabilistic model
with the same kinetic constants as the present NLSC model (5, 12). On the other
hand, the MEPC model predicts a logarithmically increasing probability of DCS with
depth that averages 3.1%, or slightly outside the observed outcome. The reason for
the contrasting trend between the 2 models lies with the difference in the kinetics of
Nz gas uptake and elimination in the compartments of the 2 models. The series

- . . ,- .

* '4 -
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TABLE 1
COMPARISON OF No-DECOMPRESSION AIR DIVING LIMITS 10

Maximum Bottom Time, min

Depth, fsw DCIEM* USN 8

30 380 -
40 175 200 6
50 75 100
60 50 60 0

70 35 50/ -

80 25 40 4

90 20 30
100 15 25
110 12 20 2
120 10 15
130 8 10
140 7 10 o
150 7 5
160 6 5

S170 5 5Fig. 4. obabil
180 5 5 air diving mits shc

*These dive limits have been tested from 50 to 180 fsw at DCIEM. ine), an model 5

compartmental structure of the NLSC model leads to a slower rate of gas uptake in mi mum is rea
the compartments, whereas the "fast" compartment (k, = 3.91 min) of the MEPC th reafter. In a
model saturates quickly. It is this fast compartment that increases 'he calculated fo the NLSC i
measure of risk substantially more than do the compartments of the NLSC model. clo agreemen

Figure 4 also shows the predictions of model 5 in (6), a single-compartment, two- where ta wet
exponential model evaluated with over 1700 man-dives used to estimate the risk of min in b ttom
bends for different air decompression tables (15). In the depth range of greater than differe gas kit
50 fsw (1.51 ATA), the average prediction is 1.2% DCS which, along with the NLSC (17) p duced
model, is consistent with the outcome for the present test dives. (95% onfidenc

Differences in model predictions are not as pronounced for dives with decompres- are onsistent
sion stops because the slower compartments predominate. Dives with decompression so shown
stops are usually long enough for the gas pressure in the compartments of the NLSC co istent with
model to increase the measure of risk to a degree similar to that predicted by the the EPC mo
MEPC model. For example, of the 800 man-dives examined earlier, the average ' and p gressiv,
predicted incidence of DCS for the NLSC model was 2.92% and that for the MEPC ences ar ttrit
model was 2.97%. However, there are still some important differences between the 1-compart ent
predictions of the 2 models for dives with decompression stops. lish the PC

This is demonstrated in Fig. 5, where the probability of DCS predicted by both the * Finall thc
NLSC and MEPC models for standard air dives to 150 fsw (4.54 ATA) from the of DCS mong
DCIEM 1983 decompression tables (12) is shown as a function of bottom time at 150 proba ities ol
fsw. The NLSC model predicts a monotonically increasing probability of DCS with (4.54 TA) ba,
increasing bottom time. The MEPC model, on the other hand, predicts a high prob- . 1971 r decom
ability of DCS for a short bottom time of 7 min, then decreasing probabilities until a - of the ottomi.

4I
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s 10 I

e, ...
USN . . 'Model 5 (Ref. 6)

200 - MEPC Model,/
100 .
60C
50 /
40 A 4 %

300 -- NLSC Model

25 
el

20
15
10
10 0[
5 0 20 40 60 80 t00
5 Bottom Time (min)
5 Fig. 4. Probability of the incidence of DCS plotted against depth for the DCIEM no-decompression
5 air diving limits showing the difference between the NLSC model (solid line), the MEPC model (broken

line), and model 5 in (6) (dotted line) predictions.

gas upt e in minimum is reached at a bottom time of 25 min, followed by increasing probabilities
)f the IEPC thereafter. In all cases, the MEPC model predictions of DCS are higher than those
le calc ted for the NLSC model. It is interesting to note that the two model predictions are in

mo I. close agreement in the mid-range of bottom time, say 25 to 55 min, which is the region
.rtment, o- where data were available (in the data, dives between 145 and 155 fsw averaged 30
te the ri of min in bottom time) but diverge outside this range. This difference results from the
.greater han different gas kinetics of the 2 models discussed above. Actual testing of these profiles
th the N SC (17) produced I case of DCS out of 20 man-dives with 20 and 30 min bottom times

(95% confidence limits of 0. 1 to 25% DCS). Both NLSC and MEPC model predictions
deco res- are consistent with that outcome.

compr sion Also shown in Fig. 5 are the predictions (15) for model 5 in (6), which are also
of the LSC consistent with the outcome cited above (17). These values follow a similar trend to
licted the the MEPC model prediction but with much lower values around 20 min bottom time
the a rage and progressively much higher values for bottom times beyond 35 min. These differ-

)r the -PC ences are attributed to the different configuration (I-exponential 2-compartment vs.
hetwee the I-compartment 2-exponential) and data set (800 vs. > 1700 man-dives) used to estab-

lish the MEPC model and model 5 in (6), respectively.
I by bo he .h Finally, the method of maximum likelihood is used to compare the predicted risk
A) fro the of DCS among different decompression tables. Figure 6 shows a comparison of the
n time 150 probabilities of DCS predicted by the NLSC model for standard air diving to 150 fsw
of DC ith (4.54 ATA) based on the DCIEM 1983 air decompression tables (12), the Kidd-Stubbs
a high rob- 1971 air decompression tables (II), and the USN standard air tables (14) as a function
ilities til a of the bottom time. (Table 2 lists the decompression times as a function of bottom
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8

100

84

0

o " . .- "NPC Model 0

S ,. ...* '
"  Modet 5 (Ref. 6

0 - 0.
30 60 90 120 150 180 0

Depth (fsw)

Fig. 5. Probability of incidence of DCS as a function of bottom time for standard air dives to 150 fsw Fig. 6. Pr bability,
from the DCIEM 1983 tables showing the difference between the NLSC model (solid line), the MEPC standard aird es to 15
model (broken line), and model 5 in (6) (dotted line) predictions. line), and the SN Sta

time from all 3 tables.) All decompression procedures produce similar predictions for
bottom times up to 30 min. The Kidd-Stubbs 1971 decompression times are more C MPARISON
conservative than the DCIEM 1983 tables for bottom times exceeding 45 min, but
less conservative in the moderate bottom time range. Therefore, one would expect a
smaller PDcs for the longer bottom times and a larger Pocs for the moderate bottom
times. This predicted behavior is shown in Fig. 6; however, the differences are not
very large. Similarly, the predicted P,,s using the DCIEM 1983 tables are lower than Bo om Time, mi
that using the USN tables, both by this analysis and that of (15). This is consistent 7
with the longer, and more conservative, decompression times of the DCIEM 1983 0
tables.

A powerful application of the method of maximum likelihood is the calculation of 15 0
decompression tables of equal Ptcs. Weathersby et al. (6, 18) have used this method 25
to establish a set of air decompression tables based on model 5 in (6). A similar set 30
could be developed for any model, including the NLSC model, although this is beyond 40

the scope of the present study. 5, . 50

60
SUMMARY AND CONCLUSION - 70

80
The method of maximum likelihood was applied to compare two different gas

exchange models used to establish safe decompression procedures. These models-
were the NLSC and MEPC based on compartments in series and in parallel, respec- the NL and M
tively. The decompression data that were used consisted of 800 man-dives with 21 betwee the two
incidents of DCS and 6 occurrences of marginal symptoms of DCS. A comparison of t with t is limited

7, 4
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,8 
I I I

-USN

oj - DCIEM 1983

5....0KS-1971

0
2

01 04.. "0 .

80 0 20 40 60 80 100

Bottom Time (min)

e t -0 fsW Fig. 6. Probability of incidence of DCS predicted by the NLSC model as a function of bottom time for
!e). th MEPC standard air dives to 150 fsw trom the DCIEI 1983 tables (solidline), the Kidd-Stubbs 1971 tables (broken

line), and the USN Standard Air Tables (dotted line).

sfor TABLE 2
5 mr but COMPARISON OF TOTAL DECOMPRESSION TIMES FOR STANDARD AIR DIVES

AT 150 FSW
Id cta
. a e tom Total Decompression Time, min

z low than Bottom Time, min DCIEM 1983 KS-1971 USN

S co istent 7 2.5 6 3.5
)CI 1983 t0 9 13 3.5

o 15 18 23 5.5
Ljc~lat on of 20 25 31 11.5

hJ ar set 25 43 32 23.5
aseton 30 57 48 34.5

40 88 74 59.5

50 128 169 88.5
60 178 238 112.5
70 228 291 146.5
80 271 355 173.5

liffe en gas
,es m els
ile .re pec- the NLSC and MEPC model predictions for DCS showed no significant difference
1v w h 21 between the two and so either model appears equally suitable for predicting DCS
$in on of with this limited data set. Use of a larger data set would improve the predictions.
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alo o oeoptimized parameters, and perhaps statistically distinguish the pre- subue ntrrei s. uerial

dictive capability of different models. sencillo, do expofl
A striking result with the use of the maximum likelihood method is the difference U.S. Nay

in the predicted probabilities of DCS between the 2 models for no-decompression air
dives in the range of 50-180 fsw (1.5 1-5.45 ATA) and short-bottom-time air dives to
150 fsw (4.54 ATA). Because of the nonlinear gas kinetics of the NLSC model, a
lower probability of DCS is predicted for these dives with this model than with the
MEPC model. Subsequent testing indicated consistency with actual outcome for the 1. K Diem, ed. Doc.
NLSC model applied to the no-decompression air dives and for both models applied 1 2:85-103.
to the short-bottom-time air dives. Further studies must be conducted to test differ- 2. eathersby PK. H

ences in predict-on between the 2 models and to validate the extrapolation of model YSIOI 1984; 57:81

parameter values to dives that fall outside the range of the data set used to establish 3. wards, AWF. L
ther vlue, a doe i ths cse.4. Kd D, Stubbs Ri
thei vauesas one n tis cse.La bertsen 0i,

The authors gratefully acknowledge the advic of D. B.C. Eatock in the prprtonathseae.DCE uliain5 Nihio ,Logy.
88-P-2O-Aanuscript received February 1988; accepted May 1988. prprtoporhsppr.eIMPbicto .Nshis Luk

Environm ntal M1
Tiui .NsiRY, Weathersby PK. Emploi de la m~thode de probabilite maximale dans 6. Weathers PK.

Tikuis . NshiAnalysis stan&.
I'analyse de plongdes A I'air en caisson. Undersea Biomed Res 1988, 15(4):301-313.-La 16. Bethe da, MD
methode de probabilitd maximae fut utilisde pour dvaluer le risquedce maladie de dcompres- 7. Hays JR Hart BI
sion (MDC) pour un choix de plongdes A IFair en caisson. Les parametres de deux modeles decomp ession tat
math46matiques pour predire la MDC furent optimalisds jusqu'A I'obtention du meilleur assen- Institu report N
timent (tel que mesurd par la probabilitd maximale) correspondlant aux incidents de MDC 8. Weat ersby PK. I
observis dans une stie de plongdes. Les donntes do decompression employdes proven~rent sick ess. J AppI F
de 800 plongtes humaines contenant 21 incidents de MDC et 6 cas de symptomes marginaux.9.B'yRHm
Le premier mod~Ie ditudit dtait basd sur le Principe des dchanges gazeux mono-exponentiels 9 B ia to f RC gH
dlans 2 compartiments montes en parall~le. La rdussite statistique globale a decnire les 800 5 .Bethesda. MI
plongdes humaines fut Ires similaire pour les deux modeles. Les pr~dictions de sdcuritd pour 10. albfleich iD. Pr
les plongdes ne faisant pas pantic des dorndes originales Etaient diff~rentes de celles des Sons. 1980.
mo,.A'-es a cause des variations dans la cindtique des gaz. Pour les plongdes courtes, sans i.Nh Y CE
d~con aression, les compartiments montis en strie predisent une mr ins grande incidence de 197 N mh de. DCE
MDC. Ces pr~dictions dtaient plus consistantes (s'accordaient micux) avec les essais subsd- ronm tal Medic
quents quc les pr~dictions avec le modtle des compartiments en parallic. Les pr~cdictions du12 acerG.N
mod~le avec compartiment en sdric Etaient aussi similaires A celles obtenues avec le modtle on. tackerGR. iE
A compartiment simple qui rut dvalud par la Marine amdricaine avec plus de 1700 plongdes Den adCv

huane.13. Kue.', LA, Swe,
Corn ut Biomed

Tikuisis P, Nishi RY, Weathersby PK. Empleo del metodo de probabilidlad maxima en ei Nay , 1978.
analisis de inmersiones de camara con are. Undre md Res 198 54:0-13.-Se 14. USa vsy Divin
emplco el metodo de probabilidad maxima para evaluar ci niesgo de enfermedad por des- t,- 1.WalersbyP.
doeo (EPD) onimrinsd aaacnaire electivas. Sc optmz los parametros -Medic Rcsearc

dedsmodelos matemnaticos para predecir la EPD, hasta que se alcanzo el mejor critenio tute, 198
(medido por la probabilidad maxima) correspondiente a los incidentes por EPD observados i : Lukner R,' N
en una senie de inmersiones. Los datos de descompresion empleadlos consistian de 800 cmres d air(
inmersiones de humanos, con 21 casos de EPD y la incidencia de 6 con sintomas marginales. Civil In tute of
El primer modelo esludiado se basaba en un intcrcambio gaseoiso no lineal en un arreglo en 17. Lauck r OR. 1'
serie de cuatro .compartimientos. El segundo modelo se basaba en un intercambio gascoso compr sed air(
monoexponenicial. en un arreglo en paralelo de dos compartimientos. El exito estadistico Civil I stitute of
global para describir las inmersiones de 800 humanos fue similar para ambos modelos. Las 18. Weath rsby PK
predicciones de segunidad para inmersiones que no formaban pante de los datos oniginales, Equal Ak air di
fue distinta para los dos modelos debido a la diferencia de la cinetica de los gases. La seric 85-17. thesda
de arreglo en compartimienitos predlijo una incidencia menor de EPD. para inmersiones de no
descompresi6n cortas. Estas pred icciones fucron mas consistentes con el resultado de pruebas

.7./



. &nz .1 :_ '  "r , '. - .:..

USE OF THE MAXIMUM LIKELIHOOD METHOD 313

lish t e pre- subsecuentes, que las del modelo de compartimientos en paralelo. Las predicciones del modelo
de arreglo en serie, tambien resultaron similares a las del modelo de un compartimiento
sencillo, dos exponencial, que se evaluo con mas de 1700 inmersiones de humanos por la
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